ABSTRACT. Lactate has been shown to be an important fuel for brain metabolism during early postnatal development (1). In an attempt to identify the source(s) of lactate in the postnatal rat, we have studied the in vitro catabolism of glucose, galactose, fructose, alanine, glycerol, and octanoate in liver and muscle minces prepared from suckling rat pups. Whereas galactose, fructose, and octanoate were found to be lactagenic (lactate generating) in liver, glucose was the sole lactate precursor in muscle. Galactose was most effective a s a hepatic lactate source a t 3 d of age. Thereafter, the production of lactate from galactose decreased to reach control levels by 1 5 d of age. In contrast, fructose or octanoate were lactagenic throughout development. Lactate formation from galactose was completely halted by iodoacetate, inhibited by high galactose concentrations, and suppressed by fasting. The absence of oxygen increased lactate production from either fructose or octanoate, but it did not affect lactagenesis from galactose. Muscle minces produced lactate from glucose in an agedependent manner similar to the development pattern of lactate formation from galactose by liver. Because lactosederived galactose is readily available during suckling, it is suggested that galactose-based hepatic lactagenesis serves a unique role in maintaining the supply of lactate during early postnatal development. This hepatic capability may augment glucose-based muscle lactate synthesis at a time when lactate is a major brain fuel. (Pediatr Res 30: 331-336, 1991) Abbreviations UDP, uridine diphosphate Lactate is the major fuel for brain cortex in rat pups during the first postpartum week (I). The utilization of lactate accounts for more than 70% of cerebral oxidative metabolism in the 6-dold, normally ventilated rat pup, followed by the consumption of 3-hydroxybutyrate and glucose in approximately equal amounts. The extensive reliance of the young cerebral cortex upon lactate as a fuel prompted this investigation to evaluate the lactagenic' potential of several common metabolites when supplied to liver or muscle during the postnatal period.
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Milk, the sole food source available to suckling pups, consists principally of casein, fats, and sugars. Although fats comprise 70-80% of the caloric content of milk, it is most probable that a sugar provides the carbon for lactate synthesis. Lactose, a disaccharride of glucose and galactose, is the principal milk sugar.
Although glucose-derived muscle lactagenesis is known, there is n o information available concerning the relative output of lactate from skeletal muscle as a function of age during the suckling period. In investigations of galactose metabolism during development, the primary emphasis has been the genesis of glucose in fasted animals (2-4). Even though it has been known for many years that the i.v. administration of galactose to infants results in the physiologic elevat~on of blood lactate levels (5), no attempt has been made to delineate the mechanism of this phenomenon or explain its purpose.
In the present study. we have compared rates of lactagenesis from galactose, glucose, fructose. alanine, glycerol, and octanoate in liver and muscle minces during postnatal development. Several factors have been shown to influence hepatic galactose-based lactate production.
MATERIALS AND METHODS
Anirnuls a n d chemicals. Sprague-Dawley rats ( 1 5-19 d pregnant) were obtained from Sasco-King Laboratories, Madison, WI. Throughout the remainder of gestation and while nursing rat mothers were fed Purina Chow no. 5012 (Ralston-Purina Co.. St. Louis, MO) ad libitum. Large litters were culled to eight pups within the first 18 h postpartum. D-Glucose and glycerol were obtained from Fisher Scientific Co., Chicago, IL. D-Fructose was purchased from Calbiochem, Los Angeles, CA. L-alanine was supplied through Eastman Kodak, Rochester, NY. Sodium n-octanoate. D(+)-galactose. and the enzymes used for analyses were obtained from Sigma Chemical Co., St. Louis, MO.
All animal experiments were approved by the Animal Care Committee of the University of Illinois at Chicago.
Mince experiments. Normally reared and fed animals at the ages indicated in the figure and table legends were used for all experiments unless othelwise indicated. Either livers or the hind limb skeletal muscles were excised from decapitated rat pups and placed into isotonic saline at 0-4°C. Muscle tissue was cut from between the knee and foot as well as from between the hip and knee. Because of the small body size of suckling pups, no attempt was made to identify the particular skeletal muscles used for the mince experiments. The soleus, extensor digitorum longus, and gastrocnemius muscles were among those excised. Muscle pieces were trimmed of fat and facia. Tissue minces ( 100-160 mg) were placed in 25-mL flasks containing 1.8 m L of Krebs-Henseleit bicarbonate buffer at pH 7.4 (6). Substrates were added as indicated in the table or figure legends. and the final volume was adjusted to 2.0 m L with water. Stock sodium octanoate (200 mM) was neutralized with HCI before it was used. All substrates were tested for the presence of lactic acid and found to be free of contamination. Minces were incubated for 90 min at 37°C in a shaker bath. Unless otherwise indicated. flasks were gassed with 332 DOMBROWSKI AND SWIATEK after the addition of the acid. The acidified minces were subsequently homogenized and the mixtures centrifuged at 5000 x g for 20 min. The supernatants (25-40 pL) were assayed to determine metabolite levels.
Chemical analyses. Glucose was measured by the coupled glucose oxidase (EC 1.1.3.4)/peroxidase (EC 1.1 I. 1.7) method (7) . Contamination of the glucose oxidase/peroxidase system with galactose oxidase was found to be less than 2% of the glucose reactivity. Lactate was measured with lactic dehydrogenase (EC 1. I . 1.27) and NAD+ using 100 mM Tris-HC1 buffer at pH 8.5 (8) . Iodoacetate had no effect on the determination of lactic acid when present at 1.4 mM.
Statistical analyses. Statistical significance was evaluated using the analysis of variance and fixed effect models. Significance was set at p 5 0.05. Unless comparisons were planned, the significance level was appropriately adjusted for multiple comparisons by using a modification of the Bonferroni procedure (9) . When the Bonferroni method was applied. it was used within either substrate or age.
RESULTS
Liver lactate production in postnatal rats. Ml~scle Iactagenesis during develop19zent. Cllaracterizatiorz of hepatic lactate synthesis. The hepatic capability to produce lactate from fructose has long been recognized (10, 1 I). Moreover. it is expected that galactose-derived lactate is also the result of well-known metabolic pathways. Nevertheless, it is possible for the released lactate to be the product of some other unknown process that may be regulated by the presence of galactose or its catabolites. Additional experiments were conducted to evaluate this possibility. Purified hepatic galactokinase (EC 2.7.1.6) has been shown to be inhibited by galactose concentrations in excess of 1-2 mM (12). t Significant change from the age-matched control.
$ Significant "within substrate" change from the preceding tabulated age. (0) and fructose (0) as a function of substrate concentration. Liver minces were prepared at 9 d of age and incubations were performed as described in Materials and Methods. Each point represents the mean difference in lactate production between incubations performed in the presence of substrate at the indicated concentration and control experiments performed simultaneously without substrate. The control values from each experiment were randomized and subtracted from each other. There were 63 control values for the galactose experiments and 2 1 control values for the fructose curve. I/i~llrcs rw parenr/~~.tcs denote the number of repetitions for all other points. Effects were evaluated as described in Materials and Methods. Substrate or concentration significantly affected lactate production ( p < 0.0001). Planned co~nparisons were conducted to test differences in lactate production between neighboring substrate concentrations. a, a significant change from the next lower galactose concentration. h, a significant change from the next lower fructose concentration. SEM is shown by a set of hori:otzrul banc~ above and below the plotted point. For points without error bars, the SEM is less than or equal to the height of the plot symbol. lactate production was inhibited by galactose at concentrations in excess of 10 mM. Lactate production from either fructose or octanoate was not decreased in the presence of 40 m M galactose (data not shown). These results suggest that the newly formed lactate is derived from galactose through activation by galactokinase.
Lactate release in the presence of either galactose, fructose, or octanoate was inhibited by the addition of iodoacetate to the liver preparations of 9-d-old animals (Table 3) . Although lacta- 2) are known to be sensitive to sulfhydryl reagents (13, 14) . The 100% iodoacetate inhibition of lactate formation in the presence of galactose suggests that a metabolic rate-limiting process, such as the galactose-lphosphate uridyltransferase reaction, was affected. Moreover, it is likely for galactose-based lactagenesis to be secondarily affected at another site of iodoacetate susceptibility, 3-phosphoglyceraldehyde dehydrogenase (EC 1.2.1.12). This glycolytic enzyme is pertinent to the catabolism of fructose as well as galactose. The iodoacetate suppression of fructose-based lactate production directly supports the expectation that glycolysis would be involved in lactagenesis during development. Table 4 lists the effects of oxygen deprivation on lactate formation from alanine, fructose, galactose, glucose, and octanoate in liver minces prepared from pups at 6 d of age. As expected, in the absence of any added substrate (control), lactate output under the anaerobic condition was significantly higher than that obtained in the presence of oxygen. Nevertheless, significant increases in lactate formation occurred under the anaerobic condition as compared with the paired aerobic experiments when either fructose or octanoate were used as substrates. N o significant differences in lactate formation were observed between the aerobic and anaerobic conditions when either galactose, glucose, or alanine were the test substrates. Because neither glucose nor alanine served as lactate precursors in the presence of oxygen, these two substrates were not expected to be lactagenic in the absence of oxygen. However, galactose is an effective lactagenic substrate at 6 d of age in the presence of oxygen, and, therefore, it could be anticipated that a lack of oxygen would increase the rate of lactate synthesis from this compound. The catabolisn~ of galactose appears to be impaired under anaerobic conditions. This anaerobic effect on lactate formation from galactose may be explained by a decrease in the activity of UDPgalactose 4-epimerase. This enzyme requires NADt as a coen- * Rat pups were fastcd bv separating them from their mothers fol-a period of I8 h immediately before the exper~ment. During the fast, pups were maintained in a plastic bowl equipped with absorbent bedding and floated on a watcr bath at 37°C. Minces were prepared and incubations perfol-med as described in Materials and Methods. Each ~a l u e represcnts the mean d~fference bctween lactate forrncd in the prcsence of substrate and lactate released in the absence of addcd substratc (control). A three-factor statistical analysis was performed as described in Materials and Methods. Lactate production was significantly affected by either substrate ( p < 0.000 1). age ((p < 0.00 12). or fasting ( p < 0.000 I). Planned comparisons were conducted bctween fed and fasted conditions. ?Significant difference in lactate formation between incubations where galactose was the substrate and incubations where fructose was the substrate, age and treatment held constant.
$ Significant difference between the fed and fasted values wit11 age and substrate niatched $ Significant age-related effect with all other conditions constant.
zyme, and a lack of oxygen decreases the level of oxidized pyrimidine dinucleotide.
Fasting and lactate production An 18-h fast significantly decreased hepatic lactate formation from either galactose or fructose, and the effect was age dependent (Table 5) . Fasting caused a 76-83% reduction in lactate synthesis at 3 d of age, whereas only a 36-48% decrease was observed for the liver minces of fasted 9-d-old pups. Fasting also significantly decreased lactate release in the control incubations performed without added substrate at these same ages. Galactose supplementation of the suckling diet has previously been shown to enhance the activity of galactose-catabolizing enzymes in intestine (1 5 ) as well as in liver (16) . To determine whether the decreased lactate formation of fasted animals was the result of a decreased glycolytic rate or the altered activity of Leloir enzymes plus phosphoglucomutase (EC 5.4.2.2) or fructokinase (EC 2.7.1.4) plus aldolase-B (fructose-1-phosphate aldolase. EC 4. l .2.13), glucose production was also monitored in these experiments (Table 6 ). Fasting did not affect glucose synthesis from either galactose or fructose at 3 d of age. However, glucose formation from either substrate was significantly enhanced by fasting in the 9-d-old pups. Fasting does not appear to decrease t l~e activity of either galactokinase, the Leloir pathway, phosphoglucomutase, or fructokinase/aldolase-B enzymes and may even enhance their respective capacities. The fastingrelated decrease in lactate output (Table 5) is most likely the result of decreased glycolytic rate.
DISCUSSlON
Lactate has been demonstrated to be a major brain cortex fuel in normally reared rats during the neonatal period (I). Our results indicate that liver and muscle are principal sites of lactate production during early postnatal development. We have demonstrated that. whereas glucose is the sole lactate precursor in muscle, suckling liver can produce lactate from either galactose, fructose, or octanoate, but not from glucose. Both hepatic galactose-based lactate synthesis and muscle glucose-based lactate production were found to be similarly age dependent. In each case, the period of peak lactagenesis corresponds to the first 9 postnatal days (Tables 1 and 2 ).
The age-related pattern of liver lactate formation from galactose parallels the postnatal hepatic activities of galactokinase (1 2, * Rat pups were maintained and fasted as described in the footnotes to 17), galactose-I-phosphate uridyltransferase (I 3), and UDP-galactose 4-epimerase (14) . as well as the age dependency of 14COz release from hepatocytes incubated with '4C-galactose (18) . Galactose-based lactate synthesis was inhibited by high levels of galactose (Fig. I) and halted by iodoacetate (Table 3) . Moreover, lactate synthesis from galactose was unaffected by the absence of oxygen, whereas the absence of oxygen increased lactate formation from either fructose or octanoate (Table 4) . These results suggest that galactose serves as the carbon source of the generated lactate and, furthermore, that the lactate is formed via enzymes of the Leloir pathway and glycolysis.
A previous report (2) did suggest that galactose-dependent lactate formation may have been age sensitive in hepatocytes obtained from fasted rats 7 d of age and older. We have shown that fasting sharply decreases lactate production from either galactose or fructose (Table 5 ) and increases glucose formation from either galactose or fructose (Table 6 ).
It is surprising that the liver of fed suckling rats did not convert glucose to lactate. although it was formed from galactose (Table  I) . Because both glucose and galactose enter glycolysis by way of glucose-6-phosphate, one might suspect that the rate of glucose phosphorylation by hexokinase (EC 2.7.1.2) and glucokinase (EC 2.7.1.2) may be rate limiting. Although these enzyme levels are low during the first 2 wk after birth (19) , their total activity is similar to that reported for galactokinase (20, 21) during this same period. The possibility exists that the glucose-6-phosphate derived by the hexokinase-glucokinase reaction is hydrolyzed back to glucose as fast as it is formed through the action of the enzyme glucose-6-phosphatase (EC 3.1.3.9), which reaches its highest activity between 3 and 9 d after birth (2 1). When glucose-6-phosphate was added to the liver preparations at 10 mM, large amounts of glucose were generated but lactate was not formed (results not shown). Despite these observations, we did find that galactose produced lactate when incubated with these same liver preparations. These results suggest that the glucose-6-phosphate formed from galactose may not be metabolically equivalent to that derived from glucose, and it is our conclusion that this effect may be due to the compartmentation of glucose-6-phosphate, resulting in a differential exposure of glucose-6-phosphate to the enzyme glucose-6-phosphatase.
In contrast to the results we obtained for galactose, fructose produced lactate at all ages studied with liver minces (Table 1) . Hepatic fructose utilization proceeds via the enzymes fructokinase and aldolase-B (22) . Fructokinase specifically phosphorylates fructose at position one, and aldolase-B cleaves the product to dihydroxyacetone phosphate plus D-3-glyceraldehyde. Lactate production from fructose during development is well correlated with the activity of aldolase-B during suckling, but it does not parallel the 2.8-fold increase in fructokinase levels between birth and the 18th postpartum day (23) (24) (25) . These enzymes afford fructose an alternative route to glycolytic trioses that bypasses regulation by the enzyme 6-phosphofructokinase (EC 2.7.1.1 1). Despite the glycolytic regulation by 6-phosphofructokinase often observed, lactate was formed from galactose even though its carbons are injected into glycolysis at a point before 6-phosphofructokinase (Table I ). The generation of lactate from galactose appears to depend upon the activities of galactokinase, UDPgalactose uridyltransferase. UDP-galactose 4-epimerase, and phosphoglucomutase and appears not to be limited by the hepatic activity of 6-phosphofructokinase.
Octanoate was lactagenic in liver throughout development, but not in muscle (Tables 1 and 2) . At this time, we have no explanation as to why octanoate is such a good precursor for hepatic lactate synthesis. It was considered that octanoate at a concentration of 10 mM may have damaged the mitochondria of the liver preparations, concon~itantly impairing respiration. However. neither ketogenic nor gluconeogenic capabilities, mitochondrially dependent processes, were affected (data not shown). The hepatic capability to produce lactate from longchain fatty acids such as those derived from milk triglycerides may differ from the results obtained wit11 octanoate. Lactate was also not formed in the presence of 20 mM DL-3-hydroxybutyrate (results not shown).
Skeletal muscle from young animals was significantly better at converting added glucose to lactate than the muscle obtained from 18-d-old pups (Table 2) . One reason for the decrease in muscle glucose-based lactate synthesis between 9 and 18 d of age may be the increase in the level of glucose 1,6-diphosphate, a known inhibitor of hexokinase (26) . Another reason for this decreased glucose-based lactate synthesis may be the increased ability to utilize muscle glycogen stores. Glycogen synthesis and its utilization as an alternate substrate can be correlated with the increased enzyme activities of both glycogen synthetase (EC 2.4.1.1 1) and phosphorylase (EC 2.4.1.1). Indeed, we observed that, in control experiments in which glucose was not added to the incubation mixtures, significant amounts of lactate were formed ( Table 2) . Glucose 1,6-diphosphate can also increase muscle glycogen mobilization through its stimulation of the glycolytic enzymes phosphoglucomutase and 6-phosphofructokinase (26) . Another developmental change occurring at this time is the increased contractile activity of rat hind limb muscle, which requires additional energy that can be supplied in part by glycogen mobilization and its metabolisnl. During the first 8 d of life, rat pups are relatively inactive (27) and glucose metabolism to lactate in muscle can be reserved in part to meet the high rate of lactate utilization by rat brain during this time (I).
Finally, although the genesis of lactate in minced tissue preparations may differ from its production by whole organs in vivo, the results of these studies provide some reasons why lactose is the predominant carbohydrate component of rat milk. Lactose is hydrolyzed in the rat intestine to glucose and galactose and absorbed by the mysenteric circulation and delivered to liver via the portal vein. Galactose has been shown to be removed much more efficiently by the liver from the circulation than glucose (28) . These data suggest that galactose-based hepatic lactate synthesis augments glucose-based lactate generation in muscle during suckling to provide lactate fuel for metabolism by the newborn rat brain (1).
